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The Permian–Triassic mass extinction event is the most severe biotic crisis during the 
Phanerozoic. The trigger of this event has been widely linked with massive volcanic activity 
associated with the Siberian Traps Large Igneous Province. However, the direct link is still 
lacking to fully understand the event. In this study, we apply osmium isotope (187Os/188Os, or 
Osi) stratigraphy across the Permian–Triassic boundary interval in the Meishan section of 
South China. The Os isotope stratigraphy reveals multiple shifts to more unradiogenic 
187Os/188Os composition that are interpreted to reflect pulses of volcanism across the mass 
extinction interval. Additionally, a shift to a more radiogenic 187Os/188Os composition is also 
found immediately above the mass extinction interval, which is taken to reflect the enhanced 
weathering of the continental crust in response to greenhouse gas release into the atmosphere 
and the associated hyperthermal.  














The Permian–Triassic mass extinction is the most severe biotic crisis in the 
Phanerozoic era, eliminating almost 90 % marine biota and 75 % terrestrial species (e.g. 
Erwin, 2006). This event is marked by large negative carbon isotope excursions that indicate 
perturbations of the global carbon cycle (e.g. Korte and Kozur, 2010). It is associated with 
massive changes in the paleoclimate and palaeoceanography, including global warming 
(Joachimski et al., 2012; Sun et al., 2012; Chen et al., 2016), oceanic acidification (Hinojosa 
et al., 2012; Garbelli et al., 2017), anoxia and/or euxinia (Cao et al., 2009; Grice et al., 2005). 
The ultimate trigger has been commonly linked with intensive volcanism associated with the 
Siberian Traps Large Igneous Province (LIP) (Payne and Kump, 2007; Saunders and 
Reichow, 2009; Shen et al., 2013, 2019b; Burgess and Bowring, 2015; Svensen et al., 2009). 
This is supported by high-resolution U-Pb dating of volcanic tuff units in South China and 
volcanic rocks of the LIP (e.g. Burgess et al., 2014; Burgess and Bowring, 2015; Burgess et 
al., 2017; Shen et al., 2011), as well as other geochemical proxies (e.g. mercury [Hg] and zinc 
[Zn]; Liu et al., 2017; Wang et al., 2018, Shen et al., 2019a). Although intensive studies have 
investigated this catastrophic event, additional data from osmium isotope would be able to 
track the pattern of the volcanism and its temporal relationship with this great mass extinction 
event.  
The seawater osmium (Os) isotope composition (187Os/188Os) reflects the balance of 
radiogenic input from weathering of ancient continent (~ 1.4) and unradiogenic input from 
mantle and extraterrestrial sources (~0.126) (Peucker-Ehrenbrink and Ravizza, 2000). The 
short oceanic residence time of osmium (≤10-50 kyr; e.g. Rooney et al., 2016; Peucker-
Ehrenbrink and Ravizza, 2000) permits the ability of osmium isotopes to track short-periodic, 












preserved in the organic matter of sediments without isotope fractionation (Ravizza and 
Turekian, 1992). Thus, the paleo-seawater osmium isotope records can be reconstructed by 
analysing the initial osmium isotope compositions of sedimentary rocks (e.g. Cohen, 2004; 
Ravizza and Turekian, 1989; Turgeon and Creaser, 2008). In this study, we present osmium 
isotope stratigraphy on the Meishan section (South China) to provide further insights into the 
triggering mechanism of the mass extinction and the climate response of Earth system. 
2 Geological background 
The Meishan section (31°4’55” N, 119°42’22.9” E) is located in Changxing County, 
South China and contains the Global Stratotype Section and Points (GSSPs) for the Permian–
Triassic boundary and the Wuchiapingian–Changhsingian boundary (Jin et al., 2006; Yin et 
al., 2001). The section records a middle-upper slope depositional setting (Fig. 1; Yin et al., 
2001). The lithology of the section is micritic limestone of the lower Changhsing Formation, 
which is overlain by calcareous mudstone interbedded with limestone of the Yinkeng 
Formation (Fig. 2). This section is constrained by high-resolution biostratigraphy and CA-
TIMS U-Pb zircon tuff ages (e.g. Burgess et al., 2014; Shen et al., 2011; Yuan et al., 2014). 
The Late Permian mass extinction event interval is defined to be between bed 24e and bed 28 













Figure 1. Late Permian paleogeographic maps showing the studied areas. (A) Changhsingian 
global paleogeographic reconstruction map showing the position of the studied section; base 
map after Ziegler et al. (1997). (B) South China; base map modified from Wang and Jin 
(2000). Figure modified from Liu et al. (2019). 
3 Methods 
Samples (n = 21) were collected from a drill core (Meishan-1, 550m to the west of the 
Meishan Section D) with increased sampling resolution across the P–T boundary (Cao et al., 
2009). All samples were polished to eliminate contamination from cutting and drilling marks. 
The samples were then air dried at 60°C for ~12 hours, broken into chips with no metal 
contact. Samples were crushed to a fine powder (~30 μm) in a Zirconia ceramic dish using a 
shatterbox. The Re–Os isotope analysis were carried out at the Durham Geochemistry Centre 












Holmes Laboratory) at Durham University. A CrVI–H2SO4 solution was utilized to 
preferentially digest the organic fraction of the samples and thus liberate hydrogenous Re and 
Os budget, minimising the contamination from detrital Re and Os (Selby and Creaser, 2003; 
Kendall et al., 2004). The sample powder (~ 1 g) together with a known amount of mixed 
190Os+185Re tracer (spike) solution and 8 ml of 0.25 g/g CrVI–H2SO4 solution were digested in 
a sealed carius tube for 48 h at 220 °C (Selby and Creaser, 2003).  Rhenium was isolated 
from the acid using NaOH–C3H6O solvent extraction and then purified by anion 
chromatography. Osmium was purified using solvent extraction (CHCl3) and micro-
distillation methods (Cohen and Waters, 1996; Birck et al., 1997). The isolated Re and Os 
fractions were loaded onto Ni and Pt filaments, respectively (Selby et al., 2007). Isotopic 
measurements were determined using a ThermoElectron TRITON mass spectrometer using 
static Faraday collection for Re and secondary electron multiplier in peak-hopping mode for 
Os. Total procedural blanks during this study were 13.8 ± 3.5 pg and 0.07 ± 0.06 pg (1σ S.D., 
n = 6) for Re and Os, respectively, with an average 187Os/188Os value of 0.30 ± 0.19 (n = 6). 
The initial 187Os/188Os were calculated using the equation:  
187Os/188Osinitial = 
187Os/188Osmeasured – (
187Re/188Osmeasured × (EXP(  × t) –1)).          (1) 
 is 187Re decay constant 1.666e−11yr−1 (Smoliar et al., 1996), t is the depositional age. Here, 
the Osi values are calculated using each sample’s age estimated following Burgess et al. 
(2014), assuming a constant deposition rate between CA-TIMS U-Pb zircon dated ash beds. 
4 Results 
The Re and Os concentrations range from 0.1 to 57.8 ppb and 12 to 721 ppt (192Os = 
~4–232 ppt), respectively (Table S1). The Osi values through beds 19–23 are similar within 
uncertainty (~0.5). The Osi values then shift to an unradiogenic value of ~0.2 immediately 












radiogenic values (~0.2) within bed 24d and 26, that correlate with a large negative carbon 
isotope excursion (Burgess et al., 2014). The Osi values then increase gradually across the 
Permian–Triassic boundary and reach a very radiogenic value of ~1.2. The Osi values drop to 
~1.0 and then exhibit another shift to an unradiogenic value of ~0.3 which then returns to 
more radiogenic values of ~0.7 at the top of the measured section.  
The 192Os values are generally low (~6–18 ppt) within beds 19–23 which then 
increase sharply to ~232 ppt in tandem with the unradiogenic Osi value of ~0.2 in bed 23. 
The 192Os values then fall to ~15 ppt with two more highly enriched samples of ~137 ppt and 
~58 ppt that yield the two further unradiogenic Osi excursions in Bed 24d and 26. The 
192Os 
values then remain low (4–7 ppt) and increase slightly to ~25 ppt up section (Fig. 2). 
 
Figure 2. Carbon isotope (black), Osi (red), 
192Os (blue), Zn isotope (orange), Li isotope 
(blue) and Sr isotope (purple) stratigraphy. The  13Ccarb data are from Shen et al. (2011). Os 












al. (2017), Li isotope data from Sun et al. (2018) and Sr isotope data from Song et al. (2015). 
Ages are from CA-TIMS U-Pb zircon dated volcanic ash beds (Burgess et al., 2014). 
5 Discussion 
5.1 Pulsed volcanism before, during and after the mass extinction event 
The background Osi values of ~0.5 – 0.6 of the Meishan section are comparable to the 
Late Permian seawater Os isotope values that reported from the P-T section at Opal Creek 
(Canada), Greenland and China (Georgiev et al., 2011, 2015; Schoepfer et al., 2013; Yang et 
al., 2004). These Osi values are also similar to the background Osi values that are reported for 
the Wuchiapingian–Changhsingian boundary in South China and Canada (~2.2 Myr earlier; 
Liu et al., 2019). Three shifts to unradiogenic Osi values are shown in this study (Fig. 2). The 
pattern and extent (from ~0.6 to ~0.2) of the excursions are comparable to that reported from 
Opal Creek (Georgiev et al., 2015). Additionally, this study also detected an unradiogenic 
shift in the Early Triassic which was not sampled in the Opal Creek section study (Fig. 3; 
Georgiev et al., 2015). This difference might be due to different sampling resolution. In 
theory, the shift to unradiogenic Osi can be caused by increased input of unradiogenic Os 
from volcanism and/or meteorite impact (Peucker-Ehrenbrink and Ravizza, 2000). 
Furthermore, reduced weathering could also result in a shift to more unradiogenic Osi, 
however, this is unlikely the case during a time of global warming such as that during the 
Late Permian (Chen et al., 2016). Based on the Os isotope data alone, we cannot rule out the 
possibility of meteorite impact events. However, there  is no convincing evidence for an 
extraterrestrial impact during the Permian-Triassic boundary interval (Zhang et al., 2014). 
Even if the Osi excursions are driven by meteorite impact, this would require four impact 
events, which would be very frequent considering such a short time interval (~400 kyr). 












to be of biological, diagenetic and/or depositional origins or modern fly ash, rather than 
impact origin (Zhang et al., 2014). In contrast, several studies have demonstrated that 
intensive volcanic activity occurred throughout the Late Permian and Early Triassic (e.g. 
Burgess et al., 2014, 2017; Burgess and Bowring, 2015; Liu et al., 2017; Payne and Kump, 
2007; Saunders and Reichow, 2009; Shen et al., 2019a, 2019b; Wang et al., 2018). The 
abrupt decline shown by Zn isotope values just below the mass extinction interval (bed 24) is 
interpreted to be caused by the rapid input of isotopically light zinc from volcanism, 
hydrothermal fluids and/or associated weathering of fresh LIPs (Liu et al., 2017). Therefore, 
in agreement with the interpretation of the previously report Zn isotope data, we attribute the 
shifts to more unradiogenic Os isotope compositions to be associated with magmatic activity, 
possibly linked with the volcanism from South China (Georgiev et al., 2011; 2015; Korte and 
Kozur, 2010). At steady state, the seawater osmium isotope composition is determined by the 
mixing of radiogenic Os input (1.4) and unradiogenic Os input (0.12) given by: 
Rsw = (Mu*Ru + Mr*Rr)                                                   (1) 
Where Rsw, Ru and Rr denote the Os isotope compositions of seawater, unradiogenic input 
and radiogenic input; Mu and Mr represent the mass of unradiogenic Os input and radiogenic 
Os input respectively. Assuming that the radiogenic input remained constant, to shift the Os 
data from 0.6 to 0.2 would require the unradiogenic Os input to the ocean to have increased 













Figure 3. Figure showing the proposed correlation of Os isotope data from the Meishan 
section and the Opal Creek (Canada) section. The Opal Creek section data are from Georgiev 
et al. (2015).  
Previously, the Permian–Triassic mass extinction event has been linked with large-
scale volcanism based on high-precision U-Pb zircon ages and geochemistry proxies (e.g. 
Burgess et al., 2014; Burgess and Bowring, 2015; Grasby et al., 2016; Liu et al., 2017; Shen 
et al., 2011, 2019a; Wang et al., 2018). The Os isotope data here provide further insights into 
the pattern of the volcanism, and the temporal relationship between volcanic events and the 
mass extinction. Four unradiogenic shifts are inferred from the Os isotope data and this may 
indicate pulses of volcanism that occurred during the deposition of, 1) the upper part of bed 












to pulses of volcanism of South China and further support a causal link between volcanism 
and the Permian–Triassic mass extinction event (e.g. Burgess et al., 2014; Burgess and 
Bowring, 2015; Burgess et al., 2017). The abrupt shifts of seawater Os isotope values from 
~0.6 to ~0.2 may suggest that the volcanism was pulsed and of a magnitude to disturb the 
global seawater Os isotope composition. The unradiogenic Os isotope shifts at bed 23 and 34 
correlate to episodes of extrusive volcanism. Whereas the unradiogenic Os isotope shifts at 
bed 24d and 26 correlate to intrusive volcanism (Burgess et al., 2017). 
5.2 Enhanced weathering after the mass extinction event 
Large volcanic events are usually associated with greenhouse gas emission via direct 
outgassing and/or contact metamorphism that may rapidly escalate global temperature (e.g. 
Cui et al., 2011; Jenkyns, 2010). A negative feedback mechanism has been proposed for 
Earth to reduce the CO2 and temperature through increased silicate/carbonate weathering 
feedback (Walker et al., 1981). One example of a hyperthermal event is the Paleocene–
Eocene thermal maximum (PETM) event at 55.9 Ma (Charles et al., 2011). Global average 
temperature is suggested to have risen by about 5 C during the PETM in response to 
thousands of gigatons of carbon injected into the atmosphere (3,000 – 10,000 Gt; Dunkley 
Jones et al., 2013; Gutjahr et al., 2017; Zachos et al., 2003). The weathering flux of terrestrial 
Os is suggested to have increased by ~40 % (Dickson et al., 2015). Global temperatures took 
~200 kyr to return to pre-event levels (Katz et al., 1999). For the Permian–Triassic mass 
extinction event, a total of 30,000 – 40,000 Gt carbon is estimated to have been emitted (Cui 
and Kump, 2015), alongside a global temperature rise of between 8 and 16 C (Joachimski et 
al., 2012; Chen et al., 2016). The Early Triassic Osi data of this study show an overall 
increase from ~0.6 to ~0.9 from bed 27 to 34, with a one-point excursion to ~1.2 in bed 33 
(Fig. 2). The increase in Osi also coincides with the period of sea level rise (Cao et al., 2009; 












input from enhanced weathering of the continent (Cohen et al., 2004). In theory, this 
radiogenic Os isotope excursion may also be caused by reduced unradiogenic Os input into 
the ocean. However, this scenario is very unlikely during a period of intensive and 
widespread volcanism (Peucker-Ehrenbrink and Ravizza, 2000). Assuming a constant 
unradiogenic Os input, a mass balance calculation using formula (1) indicates an approximate 
nine-fold increase in the weathering rate compared to the pre-event level (Dickson et al., 
2015). Moreover, considering the possibly increased unradiogenic Os input from weathering 
of the fresh volcanic rock, the weathering rate could have increased even more. The increase 
in the Osi coincides with a rise in Zn isotope compositions, with the peak Osi value of 1.2 
occurring alongside the peak in the Zn isotope composition (Fig. 2). The increase in the Zn 
isotope composition is interpreted to be caused by high primary productivity and/or enhanced 
sulphide burial that preferentially utilizes isotopically light Zn, possibly in response to high 
nutrition input and expanded ocean anoxia from enhanced weathering (Fig. 2; Liu et al., 
2017). This interpretation is further supported by the Osi data of this study and also by other 
proxies, such as lithium and strontium isotopes reported for the Meishan section (e.g. Song et 
al., 2015; Sun et al., 2018; Dudás et al., 2017). Carbonate Sr isotope records show increased 
87Sr/86Sr values during the latest Permian, and this is interpreted to be caused by enhanced 
fluvial Sr input or reduced hydrothermal flux (Song et al., 2015; Dudás et al., 2017). 
Increased riverine Li input (with low 7Li values) from enhanced weathering is applied to 
explain the reported 7Li decrease during the latest Permian (Sun et al., 2018). 
As mentioned above, Earth has the negative feedback mechanism to regulate the high 
temperature through enhanced silicate/carbonate weathering (Walker et al., 1981). The onset 
of advanced weathering during the earliest Triassic is discussed to have continued for a 
further 5 Myr (ca. 252-247 Ma). However, this interval still had a prolonged period of 












considered to indicate a failed Earth regulation mechanism (Sun et al., 2012; Kump, 2018). 
The ultimate decline in the Earth’s weatherability is considered to have been related to the 
development of a thick soil (Kump, 2018). A further possible scenario is that the majority of 
the weathered material is organic-rich (e.g. organic-rich sedimentary units) that typically 
possesses a radiogenic Os isotope composition and is more easily weathered (Peucker-
Ehrenbrink and Hannigan, 2000). The weathering of shale alone may result in a net input of 
CO2 into the atmosphere or hamper the consumption of CO2 by silicate/carbonate weathering 
(Dickson et al., 2015; Ravizza et al., 2001). This emphasizes the need of  further studies to 
fully understand the relationship between weathering processes and CO2 draw down.  
6 Conclusions 
New Os isotope stratigraphy across the Permian–Triassic boundary interval of the 
Meishan section suggests episodes of volcanism before, during and after the mass extinction 
event and indicates a causal link between volcanism and the mass extinction event. The 
radiogenic Os isotope shift in the Early Triassic provides evidence of enhanced weathering 
rate in response to the massive CO2 released from the volcanic activity. Further studies are 
needed to fully understand the full Earth system response to climate changes. 
Data availability 
Datasets related to this article can be found at https://data.mendeley.com, an open-
source online data repository hosted at Mendeley Data (Liu et al., 2019). 
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• Presented is Os isotope stratigraphy of the Meishan Permian–Triassic interval. 
 
• Multiple unradiogenic Os isotope shifts are suggested to reflect pulses of volcanism.  
 
• A radiogenic Os isotope excursion is found above the mass extinction interval. 
 
• The radiogenic Os isotope shift may indicate enhanced weathering of the continent. 
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